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Introduction: Planetary Nebulae in Globular Clusters
The first planetary nebula (PN) belonging to a globular cluster (GC) was discovered more than 85 years ago, in M15 (Pease 1928) . It was another six decades before a second GCPN was found, this time in M22 (Gillett et al. 1989) . Jacoby et al. (1997, hereafter JMF97) then carried out a systematic ground-based CCD survey of 133 Milky Way GCs, using a narrow-band [O III] 5007Å filter along with a filter in the neighboring continuum.
They discovered two more PNe, in the Galactic clusters NGC 6441 and Pal 6. The number of PNe known in GCs in the Local Group was raised to five by the serendipitous discovery of a PN in the cluster H5 belonging to the Fornax dwarf spheroidal galaxy (Larsen 2008) .
Outside the Local Group, [O III] emission has been detected in the integrated light of a handful of GCs during spectroscopic investigations, as summarized by Minniti & Rejkuba (2002) , Zepf et al. (2008) , Chomiuk, Strader, & Brodie (2008) , and Peacock, Zepf, & Maccarone (2012) . (However, as discussed in §5, not all of these distant emission sources are actually PNe.) PNe in GCs raise two issues related to stellar evolution. The first is Why are there so few PNe in GCs? JMF97 posed this question because one would expect to find ∼16 PNe in the Milky Way GCs on the basis of the total luminosity of the Galactic GC system, a PN lifetime of ∼2-3 × 10 4 yr, and the assumption that every star produces a visible PN near the end of its life. (The prediction comes basically from an application of the "fuel-consumption theorem," as defined by Renzini & Buzzoni 1986.) In order to explain the smaller number actually observed, JMF97 suggested that the assumption that every star produces a PN may be incorrect in GCs. In fact, single stars in very old populations, having started their lives at about 0.80 M ⊙ , leave the asymptotic giant branch (AGB) with masses reduced to as low as ∼0.50M ⊙ (Alves, Bond, & Livio 2000 ; hereafter ABL00) to ∼0.53M ⊙ (Kalirai et al. 2009 ). The theoretical post-AGB evolutionary timescales of such low-mass remnants are -4 -so long (e.g., Schoenberner 1983 ) that any nebular material ejected at the end of the AGB phase has time to disperse before the central star becomes hot enough to ionize it. Thus, the single stars now evolving in GCs would not be expected to produce any visible ionized
PNe.
Now the question becomes Why are there any PNe in GCs at all? The answer probably lies in the evolution of binary stars. There are (at least) two ways that binaries can produce PNe in populations in which single stars cannot.
(1) Coalescence of two stars in a binary near the main sequence could produce first a blue straggler, and eventually a higher-mass post-AGB remnant that would evolve rapidly enough to ionize a PN. ABL00
detected no photometric variations for K 648, the central star of the PN Ps 1 in M15, consistent with it being a merger remnant. (2) Or a red giant or AGB star may undergo a common-envelope (CE) interaction with a companion, rapidly exposing the giant's hot core, and thus promptly subjecting the ejecta to ionizing radiation. These and other scenarios to account for the presence of PNe in GCs have been discussed by ABL00, Ciardullo et al. (2005) , Buell (2012) , Jacoby et al. (2013; hereafter JCD13) , and others. They are part of a larger conceptual framework in which it has been increasingly recognized that binary interactions are likely to be a major, if not dominant, formation channel for PNe in all populations (e.g., Bond & Livio 1990; Bond 2000; De Marco 2009; and references therein) .
The binary-merger hypothesis can be tested by determining the luminosities of central stars of PNe in GCs, and then inferring their masses from theoretical core-mass/luminosity relations. ABL00 used the Wide Field Planetary Camera 2 (WFPC2) on the Hubble Space Telescope (HST) to carry out photometry of K 648. The absolute luminosity of the star implied a mass of 0.60 M ⊙ . This is significantly higher than the masses of remnants of single stars in GCs (see above), giving the star a fast enough post-AGB evolution for it to have ionized the ejecta before they had time to dissipate. ABL00 concluded that the central star -5 -must have achieved its high mass as a result of a merger.
HST imaging of all four PNe in Galactic GCs, and photometry of their central stars, have been collected and discussed by Jacoby et al. (2014 Jacoby et al. ( , 2015 . Apart from K 648, the evidence for high stellar masses resulting from binary mergers has remained less compelling.
In fact, if the PN were ejected as a consequence of a CE interaction, the mass of its central star would be unlikely to differ much from those of remnants of single-star evolution, or could even be lower. Jacoby et al. do, however, argue were repeats of WFPC2 targets, using the more sensitive WFC3. Eleven additional GCs were serendipitously present in the frames along with the primary targets, for a total of 66 unique clusters, belonging to eight different galaxies.
Target Selection
The list of candidate targets for both HST Cycles was developed as follows. The overall aim was primarily to maximize the total integrated luminosity of the cluster sample, in order to maximize the probability of discovering PNe; and secondarily to provide targets widely distributed across the sky.
(1) For the Magellanic Clouds, I chose the 8 "Population II" clusters with integrated visual absolute magnitudes of M V ≤ −7.5, as listed by Olszewski, Suntzeff, & Mateo (1996, their of increasing integrated V magnitudes from the catalog of Galleti et al. (2004) , which is maintained online, 1 until the target lists were filled to the allocated numbers. These lists contained clusters with integrated V magnitudes ranging from 13.8 to 16.8 (M V = −10.6 to −7.6).
Observing Strategy
With both WFPC2 and WFC3, I observed each cluster in the narrow-band F502N
[O III] 5007Å filter, and the broad-band F555W "V " filter. Exposure times for most of the GCs were 2 × 500 s and 2 × 100 s in F502N and F555W, respectively, for WFPC2, or 2 × 300 s and 2 × 60 s in F502N and F555W for WFC3. For the nearby Magellanic Cloud GCs, the WFPC2 exposures were shortened to 2 × 200 s and 2 × 30 s. M V = −6.9) was in the field of view when Hodge II was observed.
All exposures were dithered for cosmic-ray removal by taking two exposures in each filter and moving the telescope pointing by a few pixels between exposures. For the WFPC2 frames, I used IRAF 2 routines to align and combine them, while for WFC3 I used the pipeline drizzle-combined images from the HST archive. images from the archive pipeline give total counts accumulated during the exposure. Since the ratio of exposure times was F502N/F555W = 5 (in most cases) for WFPC2, the ratio of expected integrated counts for a PN in the two filters is thus F555W/F502N ≃ 0.5.
By contrast, a star will appear much brighter in the broad-band F555W filter than in narrow-band F502N. For a typical GC red giant, the count-rate ratios for a star will be F555W/F502N ≃ 57 and 30 for WFPC2 and WFC3, respectively (the WFC3 ratio being smaller because its F502N bandpass is wider than the one used in WFPC2).
At the distance of M31, the FWHM of stellar images in HST frames of ∼0. ′′ 06 corresponds to a linear diameter of ∼0.2 pc. All but the largest PNe will appear essentially stellar at this resolution. Thus I searched the images for point sources of comparable brightness (within factors of ∼2 or 0.5, depending on the camera) in both filters, and rejected sources that were considerably brighter in F555W. I did this using two different methods: (1) First I simply visually blinked the F502N and F555W images. This technique works very well, because there are relatively few point-like sources detected in the F502N frames, especially with WFPC2, and those that are present are therefore conspicuous.
-10 -Apart from the rare true PNe, nearly all of the apparent sources seen at F502N fell into two categories: (a) bright stars (mostly GC red giants), easily recognized because they are much brighter in the F555W frames, and (b) spurious artifacts, particularly cases where cosmic rays struck the same pixels in both of the F502N frames that were combined, sometimes producing artifacts that resemble real sources; however, these are also very easy to recognize and reject because they lack counterparts in the F555W images. (This valuable check would not have been possible if a broad-band filter had been chosen that rejected the 5007Å line.)
(2) It was, however, difficult to blink the images near the centers of the GCs, because of the high surface brightness in the F555W frames. Thus I also created an image of each GC in which I calculated the ratio of the two frames, and searched them (again visually) with a display windowing that emphasized sources with similar count rates in both filters. This method worked well in the centers of the clusters.
As noted above, the target clusters were placed in the PC chip of WFPC2; however, I also searched the three neighboring WF chips, and found several new PNe in the fields surrounding the GCs, as well as recovering many previously cataloged PNe. I also searched the entire frames taken with WFC3, likewise finding a few field PNe. now numerous stars are also detected, and the field star is much brighter, but the PN is nearly unchanged. The right frame shows the ratio image, F502N/F555W, with the display stretched to show objects that have similar brightnesses in both frames and reject sources with low F502N/F555W ratios. Now the stars have disappeared, leaving only the PN, and verifying that it is a source emitting at 5007Å.
Magnitude Limits
I determined a nominal limiting magnitude for the WFPC2 F502N frames as follows. I marked apparent point-like stellar sources on a frame of the well-resolved Fornax H2 cluster over a range of brightnesses from obvious detections down to sources so faint that they were likely to be spurious. (By 2007-8, the WFPC2, which had been onboard HST since 1993, was suffering badly from CTI and hot pixels in addition to the usual cosmic-ray hits, leading to the presence of many low-level streaks and other artifacts in these frames.) I then compared the F502N frame with the F555W frame to determine which of the marked sources had brightened (indicating that they were real stars) or disappeared (indicating that they were artifacts). I found a strong cutoff at a flux level such that 100% of the sources brighter than this level were real, but below this level the fraction of spurious detections rose rapidly. I then calibrated this flux level, using aperture photometry and the reduction procedure described in the WFPC2 Data Handbook (Gonzaga & Biretta 2010, §5.2.5). I included CTI corrections as formulated by Dolphin (2009 frames are complete to m 5007 ≃ 24.1. At the distance of M31, this limit reaches more than 3.5 mag into the PN luminosity function in the Andromeda bulge (e.g., Fig. 9 in JCD13).
This magnitude limit applies to isolated sources. The limit is brighter in the central regions of GCs, due to the bright backgrounds and source confusion. Using artificial-star experiments (i.e., adding an artificial PN image to the center of a GC), I find that the limiting magnitude is about 0.9 mag brighter, or about m 5007 ≃ 23.2, at the center of a M31
GC of typical central surface brightness. exposures was m 5007 ≃ 26.7 for isolated sources, and again about 0.9 mag brighter for PNe at the centers of typical M31 GCs.
Results

Candidates Near M31-B086
I found only one out of the 66 GCs that were imaged in the two snapshot programs to have nearby candidate [O III] λ5007 emission sources. I identified two sources in the vicinity of the M31 cluster B086, as shown in Figure 2 . Details of these sources are given in Table 2 .
The brighter of them, here designated M31 B086-2, has been cataloged previously by Meyssonnier, Lequeux, & Azzopardi (1993; no. 481 in their list of unresolved emission-line objects in M31), and by Azimlu, Marciniak, & Barmby (2011; no. 1596 in their catalog of objects considered to be H II regions in M31).
The fainter source, M31 B086-1, has to my knowledge not been cataloged previously.
Both objects appear to be unresolved at WFC3 resolution. I converted the measured count rates for both of them to m 5007 magnitudes, using the WFC3 photometric zero-points given online 4 . Results are in surprising that they were not detected.
Field Planetary Nebulae
In the course of examining the HST frames, I noted a number of candidate λ5007 sources in the fields surrounding the target GCs. These field sources are listed in Table 3 .
Although they are too distant from the GCs to be considered cluster members, I give them designations based on the name of the target cluster. As an index of my survey completeness, I include previously cataloged objects that I independently recovered, as well as new discoveries. The table includes m 5007 values measured from my material; I adjusted the zero-point for these magnitudes so as to match the absolute line fluxes listed by Ciardullo et al. (1989) for the sources in common. The rms scatter was 0.2 mag, consistent with the moderately low SNR of the WFPC2 [O III] snapshot images.
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The final column in Table 3 gives cross references for the previously known sources.
Nearly all of the sources brighter than m 5007 ≃ 23.5 have been cataloged previously. All of the listed objects appear stellar at HST resolution, making it likely that most of them are PNe, even though some were included in earlier compilations of H II regions. However, one object appears to coincide with a classical nova. Table 4 . Three of these clusters had also been imaged in my snapshot survey, so the grand total number of Local Group GCs outside the Milky Way imaged by HST in a F502N filter is 75.
The F502N images in the two archival programs were accompanied either by frames in F547M or F550M (which exclude the 5007Å emission line) or in F555W (which includes 5007Å as described above). Out of the 12 clusters, one very convincing PN candidate was found within the M31 cluster B477, as illustrated in Figure 3 . Details are given in Table 4 .
This emission-line object had been listed by Walterbos & Braun (1992; no. 683 Table 4 is quoted from MMD06. M31-B477 was not one of the clusters observed spectroscopically by JCD13, and the association with the star cluster has apparently not been recognized until now. B477 is, however, not considered to be an old GC of the type targeted in my snapshot survey: Kang et al. (2012) give an age of only 325 Myr, based on Galaxy Evolution Explorer UV photometry. Morphologically, B477 also does not resemble a GC, as can be seen in Figure 3 .
Comparison with JCD13
The present imaging survey is complementary in several ways to the ground-based program GO-12174, as summarized in Table 4 . The PN candidate in NB89 has m 5007 = 25.1 according to JCD13. An isolated point source this bright would have been detected easily in the deep WFC3 frames, yet no 5007Å point source is seen in the images. It is conceivable that the PN coincides exactly with a red giant in the cluster. However, a more likely possibility is that the emission arises from ambient nebular emission that filled JCD13's aperture, rather than from a point source-indeed, JCD13 raised this as a strong possibility.
In fact, NB89 does lie exactly superposed on a filament of the spiral-shaped emission region discovered by Ciardullo et al. (1988) in their deep ground-based Hα imaging of the M31 nucleus. Although it is unclear whether this low-excitation region has sufficiently strong 5007Å emission for this explanation, the lack of a point-like source in the HST [O III] images supports this view. 
Intercomparison of M31 Cluster and PN Catalogs
The current online version of the Galleti et al. (2004 Galleti et al. ( ) M31 catalog (version 5, 2012 August) has 2060 entries, which include confirmed GCs, candidate GCs, and candidate objects subsequently shown not to be genuine GCs. Kim et al. (2007) , and I suspect that they are also misclassified H II regions.
Of these 44 clusters, only seven were included in the spectroscopic observations of JCD13 (B075, B105, BH16, B530, SK052A, SK070A, and SK104A). JCD13 reported 5007Å emission only in the old cluster BH16 (see §5 above). For the other six, the nominal separations of the emission-line objects from the clusters are larger than the JCD13 aperture radius.
There are five cases where an M31 cluster classified as an "old" GC by Caldwell et al. (2009 , 2011 ), Peacock et al. (2010 , Strader et al. (2011) , and/or JCD13 has an MMD06 source lying within 4 ′′ . These are listed in Table 6 . Of these five, there are archival HST images available for only two.
(1) BH16 was discussed in the previous section, in which I suggested that a blue point-like source to the SE of the cluster center, which would have been within JCD13's spectroscopic aperture, is the PN. Curiously, however, the PN detected by JCD13 does not appear to be the object cataloged as MMD06 1360, which differs substantially in both radial velocity and m 5007 from the JCD13 PN. The HST images show a bright blue star lying 3. ′′ 2 WSW of the cluster, which may be the MMD06 source. (2) SK104A also has a neighboring blue star in broad-band HST images, lying 1. ′′ 2 NNE from the cluster center. This is possibly the PN candidate, but narrow-band imaging and/or spectroscopy is needed to confirm this. Among these old GCs of the Local Group, I found only the M31 cluster B086 to have two PN candidates in its vicinity. However, they are at such large angular separations that their cluster membership is doubtful. One very convincing PN candidate was found in images of the young M31 cluster B477.
I also investigated HST images of the three candidate PNe found in old clusters by JCD13 in their ground-based spectroscopic survey of M31 GCs. One of them appears to be a case where ambient diffuse nebulosity produced the 5007Å emission, rather than a true PN. For the other two, there are only broad-band HST images available, but both clusters contain a bright blue point source which is plausibly the PN. A comparison of two extensive catalogs of GCs and PNe in M31 revealed several additional candidate PNe within a few arcseconds of old GCs, but spectroscopy and narrow-band HST images will be needed to verify the cluster membership.
The total luminosity of the 157 known GCs in the Milky Way system, determined from the data in the Harris (1996) compliation (2010 edition 7 ), corresponds to a visual absolute magnitude of M V = −13.3. For my sample of 75 Local-Group GCs, although only numbering about half of the Milky Way clusters, the total luminosity is actually slightly higher, at M V = −13.6.
In the Milky Way GC system, there are four known PNe (JMF97; (Gillett et al. 1989 ) and the PN in the Fornax GC H5 (Larsen 2008 ).
This may raise the possibility for these two objects of a late thermal pulse (in a single star), similar to that invoked to explain the compact H-deficient [O III]-emitting nebula surrounding V605 Aquilae (Clayton et al. 2013 and references therein) . Detailed discussion is given by Jacoby et al. (2015) -21 -GCs (all but one of them in M31); many of them were already cataloged, but the stellar appearances in the HST images verify that they are highly probable field PNe. Galleti et al. (2004) , Merrett et al. (2006), and Harris (1996) . shows a cosmic-ray artifact to the immediate SW of the cluster center. 
